In this study, the effects of different annealing temperatures on the structure and magnetic properties of NdFe-B nanocomposite permanent magnetic alloys with nominal composition of Nd6Pr1Fe76B12Ti4C1Co3 have been investigated. Melt Spinning (one of the most predominant ribbon synthesize methods) with constant wheel speed of V = 25 m/s was employed to produce ribbons. As-spun ribbons were examined by using xray diffractometer (XRD) with Cu-Kα radiation and differential scanning calorimetry (DSC). The ribbons were annealed at different temperatures in order to extract the best magnetic properties. The XRD and electron microscopy technique results confirm that grains are in the size of less than 50 nm. In addition, optimum magnetic properties were obtained at 720°C annealed temperature.
INTRODUCTION
Technological properties and unusual scientific behavior are the main reasons to pay attention to nanocomposite magnetic materials in recent years. [1] [2] [3] [4] [5] [6] Neodymium-iron-boron nanocomposite magnets consist of a soft magnetic phase (Fe 3 b or α-Fe) and a hard magnetic phase (Nd 2 Fe 14 B). In these types of materials, the soft magnetic phase has higher inherent magnetization, and the hard magnetic phase has a higher anisotropy constant and higher remanence, therefore because of exchange coupling between the magnetically soft and hard phases, higher energy product will be achieved in comparison with single phase material. In addition, smaller amount of rare earth elements are required. [7, 8] The nanocomposite produced by crystallization of amorphous phase into a mixture of hard and soft phases mainly Nd 2 Fe 14 B/Fe 3 B. Usually Fe 3 B tends to grow during annealing and precipitates sooner than Nd 2 Fe 14 B. It is plainly observable that a uniform distribution of fine grains is essential for obtaining effective exchange coupling. [6] Modelling of hysteresis curves of isotropic nanocrystalline permanent magnet powders by Kneller and Hawig, [9] Schrefl et al., [19] and Skomski, [20] has shown that the coercivity and enhancement of remanent magnetic polarization are highly dependent on the grain size of the soft magnetic phase. In order to achieve a significant enhancement of remanence polarisation (Jr), and to preserve a high intrinsic coercivity in isotropic nanocrystalline Nd 2 Fe 14 B based magnets, a mean grain size of less than 20 nm is required. [20] Magnetic properties of nanocomposites depend on alloy composition, cooling rate and annealing process. In recent years various investigations have been carried out in order to increase magnetic properties by changing the heat treatment parameters. In this research effect of heat treatment on the structure and magnetic properties of melt spun Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 Co 3 have been investigated.
EXPERIMENTAL PROCEDURE
An alloy with the composition Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 Co 3 was prepared by the vacuum arc melting (VAR) method under purified Ar atmosphere. The ingot was produced by this method remelted for four times in order to get the homogeneity. The melt spinning method was used to produce amorphous ribbons in the nanometer scale by a constant wheel speed of V = 25 m/s. The chamber Ar pressure was 930 mbar and the ejection pressure was 0.3 bar, and the orifice diameter of quartz tube was 0.5 mm. The as-spun ribbon was sealed in a quartz tube under 4.5 × 10 −4 mbar vacuum and after that annealed at four different temperatures (640°C, 680°C, 720°C, 760°C) for 10 minutes, then cooled in water. Differential scanning calorimetry (DSC) was used for deter-*Corresponding author: r.h.sabba@gmail.com ©KIM and Springer DOI: 10.1007/s13391-012-2108-9 mination of the crystallization temperature. Phases of the ribbon were identified by x-ray diffraction patterns (XRD) after the annealing. The hysteresis loops were measured by amplitude gradient force magnetometer (AGFM). The maximum applied field was 1.5 Tesla.
RESULTS AND DISCUSSION
The DSC scan for crystallization of this composition has been shown in Fig. 1 . It is noticeable that there is only one exothermic peak which means the prior precipitation of α-Fe is inhibited and crystallization of both α-Fe and Nd 2 Fe 14 B has occurred simultaneously. Figure 2 , Represents x-ray diffraction patterns of as-spun ribbon for this composition. It shows that in ribbons consist of Ti and C additions have amorphous structures. As it was mentioned before the wheel speed is constant and because of the straight relation between cooling rate and wheel speed it can be concluded that the cooling rate in our experiment is constant so formation of amorphous structures is due to change of critical cooling rate necessary to form an amorphous structure from the melt. On the other hand, mixture of titanium and carbon enhance glass forming ability (GFA) in Nd 2 Fe 14 B melts by lowering the critical cooling rate. The XRD pattern of ribbons after a thermal treatment from 640°C to 760°C is shown in Figure 3 . It was found that the amounts of soft and hard phases are increased with increasing temperature, suggesting that the enhancement of crystallinity was due to the heat treatment. The average grain sizes of annealed ribbons were deduced from Scherer's method of XRD. The results are shown in Figure 4 ; The Fe 3 B grain size does not have significant changes during annealing which shows that heat treatment has not any effect on grain growth of the soft magnetic phase. However the Nd-Fe-B grain size increases with the increase of the heat treatment temperature. Magnetic properties of annealed ribbons were measured by amplitude gradient force magnetometer (AGFM) with maximum applied field of 1.5 Tesla. The hysteresis loop results are illustrated in Figure 6 , the calculated data are summarized in Table 1 and Figure 5 demonstrates the dependence of magnetic properties on the temperature of annealing. As can be seen magnetic properties of the composition differ by changing the annealing temperature, for Nd 6 Pr 1 Fe 76 B 12 Ti 4 C 1 Co 3 annealed ribbons the best magnetic properties achieve at 720°C. Generally, the grain growth which occurs at the higher temperatures leads to deterioration in the magnetic properties, [21] hence heat treatment at 760°C leads to inferior properties than those for 720°C annealing temperature. Furthermore, the J r /J s values are close to one another due to soft phase's grain size similarity. The maximum energy product (BH max ), which is sensitive to exchange coupling and grain size, was enhanced with anneals temperature increases until 720°C due to more suitable exchange coupling at higher temperatures. But after 720°C decreased because of hard phase grain growth. The coercivity of the ribbons increased to 720°C then it decreased due to optimum exchange coupling at 720°C, leading the best coercivity at this temperature.
CONCLUSIONS
Nanocomposite two-phase Nd 2 (Fe,Co,M) 14 B/Fe 3 B mag- nets (M = Ti,C) have been synthesized from the melt spun method and heat-treated materials. It has been generally found that glass forming ability increases by addition of Ti and C because of enhancement of inter atomic reactions leads to ability to produce more homogeneous amorphous materials, which is also observed in this work. Additionally we found that increase of annealing temperature leads to grow of Nd-Fe-B grains, but does not have any effect on Fe 3 B grain size. It is observable that magnetic properties increase with increase of annealing temperature and then it will decrease. The best magnetic properties were obtained at 720°C annealing temperature.
